We detect time-lapse changes in P-and S-wave velocities (hereafter, V P and V S , respectively) and shear wave splitting parameters associated with the 2011 Tohoku earthquake, Japan, at depths between 0 and 504 m. We estimate not only medium parameters but also the 95 per cent confidence interval of the estimated velocity change by applying a new least squares inversion scheme to the deconvolution analysis of KiK-net vertical array records. Up to 6 per cent V S reduction is observed at more than half of the analysed KiK-net stations in northeastern Japan with over 95 per cent confidence in the first month after the main shock. There is a considerable correlation between the S-wave traveltime delay and the maximum horizontal dynamic strain (MDS) by the main shock motion when the strain exceeds 5 × 10 −4 on the ground surface. This correlation is not clearly observed for MDS at the borehole bottom. On the contrary, V P and shear wave splitting parameters do not show systematic changes after the Tohoku earthquake. These results indicate that the time-lapse change is concentrated near the ground surface, especially in loosely packed soil layers. We conclude that the behaviour of V P , V S and shear wave splitting parameters are explained by the generation of omnidirectional cracks near the ground surface and by the diffusion of water in the porous subsurface. Recovery of V S should be related to healing of the crack which is proportional to the logarithm of the lapse time after the main shock and/or to decompaction after shaking.
I N T RO D U C T I O N
The 2011 Tohoku earthquake (M W 9.0) was the fourth largest earthquake since the modern seismograph network had been installed. Many researchers have shown the coseismic slip distribution between the Pacific and North-American plate boundary and detected up to 50 m slip near the Japan trench (e.g. Koketsu et al. 2011) . In addition, strong accelerations up to 2000 Gal have been widely recorded in northeastern Japan associated with the main shock ground motion (e.g. Furumura et al. 2011) . Tremendous aftershock activity with various types of focal mechanisms and post-seismic slip with a cumulative M W of 8.5 followed the main shock (e.g. Asano et al. 2011; Ozawa et al. 2012) . From these observations, it is speculated that medium properties such as seismic wave velocities, anisotropy, intrinsic attenuation and scattering coefficient changed widely as a consequence of the Tohoku earthquake.
Some researchers have reported these changes of velocity and anisotropy associated with the Tohoku earthquake. The detection methods used in these studies include deconvolution, spectral ratio and auto-and/or cross-correlation analyses. Nakata & Snieder (2011) measured a reduction in S-wave velocity of 10 per cent after the main shock in northeastern Japan by applying deconvolution to KiK-net vertical array records. KiK-net is the nationwide strong-motion digital seismic network in Japan operated by National Research Institute for Earth Science and Disaster Prevention (NIED; Okada et al. 2004) . Wu & Peng (in press) measured the peak frequency of spectral ratios of KiK-net records and detected its logarithmic recovery after the main shock. and Nakata & Snieder (2012b) examined the change in shear wave splitting parameters near the ground surface after the main shock. These studies were based on the cross-correlation and deconvolution methods, respectively, which were applied to records of KiK-net. Both studies reported widespread increases in anisotropy coefficient in northeastern Japan, but the former reports decreases too at considerable number of stations. Using the autocorrelation function of ambient noise records registered by Hi-net (High-sensitivity seismograph network in Japan operated by NIED), Minato et al. (2012) detected a velocity reduction up to 1.5 per cent in northeastern Japan.
DATA
Each KiK-net station has two accelerometers; on the ground surface and at the borehole bottom. These accelerograms are sampled at 100 Hz with the dynamic range ±4000 Gal and by 24 bit resolution. The frequency response of the data acquisition system is flat from DC to about 20 Hz (Okada et al. 2004) . Fig. 1 shows KiK-net stations and earthquakes used for the deconvolution analysis. The number of stations used for the S-and P-wave analyses are 65 and 25, respectively, whereas 15 stations are used for both S-and P-wave analyses. The depth of the borehole receiver used in this study is distributed from 100 to 504 m for the S-wave analysis and from 150 to 1300 m for the P-wave analysis. We calculate the one-way traveltime of P and S waves between the surface and the borehole receivers by using well-log data provided by NIED, and exclude stations with a traveltime shorter than 0.08 s because peak shifts cannot be resolved for such small traveltimes. Because the traveltime of P wave is shorter than that of S wave, the number of available stations for the P-wave analysis is smaller than those for the S-wave analysis. Also, we exclude the stations which do not show a clear peak in the deconvolved waveforms.
We use earthquakes occurring between 2008 November 1 and 2012 March 11 (1 yr after the Tohoku earthquake), where the magnitude of the events ranged from 3.1 to 6.0. There are no inland earthquakes with M W over 6 in northeastern Japan in the period from 2008 November 1 to 2011 March 11 (the date of the Tohoku earthquake), which certifies that significant long-term medium changes are not contaminated in the records before the Tohoku earthquake. To avoid non-linear site effect excited by a strong ground motion, we exclude the records with a maximum dynamic strain (MDS) exceeding 10 −4 . Here, MDS is defined by v maxS /V S30 , where v maxS and V S30 are the peak horizontal ground velocity recorded on the ground surface and the S-wave velocity averaged over top 30 m of soil (Borcherdt 1994; , respectively. The threshold of 10 −4 has been proposed in previous studies (e.g. Beresnev & Wen 1996) . The focal depths of the used earthquakes are more than 40 km because seismic wave must be near vertically incident at the KiK-net borehole receiver.
M E T H O D
We suppose that a seismic wave propagates vertically from the KiK-net borehole bottom receiver to the surface. Under this assumption, a three component seismogram on the ground surface (S E , S N, S Z ) deconvolved by that at the borehole bottom (B E , B N, B Z ) gives the response function from the borehole bottom to the surface (Mehta et al. 2007) . Therefore, the peak arrival time of the deconvolution approximately represents the traveltime between the two receivers. Nakata & Snieder (2012a) extended this method to a weakly anisotropic medium by using Alford rotation (Alford 1986 ). On the basis of the method of Nakata & Snieder (2012a) , we develop a least squares inversion scheme to estimate V P , V S and shear wave splitting parameters.
P-wave analysis
For the analysis of V P , we calculate the deconvolution D P,i by using the vertical component of the ith earthquake record as Figure 1 . Map of the used KiK-net stations (triangles) and earthquakes (solid circles). The black, white and gray triangles are the stations used for S-wave, P wave and both S-and P-wave analyses, respectively. The rectangle indicates the approximate source area of the 2011 Tohoku earthquake. Large star indicates the location of the rupture onset of the Tohoku earthquake. Small stars indicate the epicenters of the earthquakes that excited the dynamic strain over 5 × 10 −4 at least at one KiK-net station in the period from 1 to 12 months after the main shock. The location of station IBRH16, which is often referred in the text, is indicated by an arrow.
where ω and t represent angular frequency and lag time, respectively. The subscript Z represents a vertical component. The brackets denote an application of a Hanning window to stabilize the deconvolution (Sawazaki et al. 2009 ). W(ω) is a 1-10 Hz bandpass filter and IFT represents inverse Fourier transform. Fig. 2 shows the time windows used for the deconvolution. The time window of P wave begins from the P-wave picking time of the vertical component and is 10.24 s long. The average of the deconvolved waveforms is calculated using all the earthquakes occurred in each time period before the main shock (from 2008 November 1 to 2011 March 11), from 0 to 1 month, from 1 to 3 months, from 3 to 6 months and from 6 to 12 months after the main shock. The averaged deconvolution D P,T and the variance of the average σ 2 D P,T in the time period T are given by
and
respectively, where N T is the number of used earthquakes in the time period T. Note that σ
is not the variance of D P,i but is the variance of D P,T which is derived from a central limit theorem (Bevington & Robinson 1992) . Hereafter, we omit the subscript T for simplicity. The peak arrival time of the deconvolution is calculated by fitting a quadratic function y (t) = at 2 + bt + c to the sequence of discrete deconvolution amplitudes D P (t max − t), D P (t max ) and D P (t max + t), where t max and t are the lag time which gives the maximum amplitude of D P and the time sampling interval (0.01 s for the KiK-net system), respectively. Note that we do not apply a stretching method (Hadziioannou et al. 2009 ) to the coda of the deconvolved record because the number of data is so small that coda of the deconvolution is not stable. Hereafter, we denote the sequence of these three lag times by t − ≡ t max − t, t 0 ≡ t max and t + ≡ t max + t. The weighted least-squares solution (Menke 1989) for the coefficients of the quadrant function a, b and c is given by
where M, covM, G, D and covD represent model parameter vector, covariance matrix for the model parameters, kernel matrix, data vector and covariance matrix for the data, respectively. In this inversion, the variance of the averaged deconvolution is mapped onto the uncertainty of the estimated parameters. Obviously, the non-diagonal components of covD are not zero because the bandwidth of the applied bandpass filter W(ω) in eq. (1) is narrower than the Nyquist frequency 50 Hz. By taking the finite bandwidth into account, we define each component of covD to be given by where f L = 1 Hz and f H = 10 Hz are the lower and upper band limit of the bandpass filter, respectively. See the Appendix for a derivation of the exponential and cosine terms in the non-diagonal components of eq. (5). By solving the least-squares inversion given by eq. (4), we derive V P and its variance σ 2 VP as
respectively, where H is the distance between the two receivers. For the derivation of eq. (7), we use the principle of error propagation (Bevington & Robinson 1992) .
S-wave analysis
Before the analysis of Vs and shear wave splitting parameters, we correct the polarization of two horizontal components at the borehole bottom receiver using the rotation angle provided by NIED (Shiomi et al. 2003) . We calculate the deconvolved waveforms D S,i by using two horizontal components at each KiK-net station as
where φ j is the polarization azimuth of the horizontal component measured from 0 degree (east) to 180 degree (west) in 10 degree interval. As a result, we obtain J = 18 deconvolved traces for each earthquake-station pair. The time window used for the deconvolution begins from the S-wave picking time of the horizontal component and is 10.24 s long (see Fig. 2 ). We do not use the late S-wave coda in this study because the waves comprising the S-coda propagates in all possible directions and with different polarizations, which is not appropriate for shear wave splitting analysis. We apply equations from (2) through (7) to D S,i (t,φ j ) to derive V S (φ j ) and its variance σ 2 VS (φ j ) for each polarization azimuth. The time periods used for the averaging are the same as those used for the P-wave analysis.
When an S wave is incident vertically to an anisotropic medium which gives a shear wave splitting, the S-wave velocity from the borehole bottom to the surface has an azimuthal periodicity given by (Alford 1986 ). This formulation is valid if the anisotropy is weak and the splitting time is much shorter than the dominant period of the deconvolved waveform (Nakata & Snieder 2012a ). The weighted least-squares solution for the coefficients v 0 , v 1 and v 2 is given by
. . .
Because we do not know a-priori functional form of the covariance component of covD, we assume each component of covD to be given by
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http://gji.oxfordjournals.org/ Downloaded from where δ jk is Kronecker delta. Note that the error of the estimated parameters must be independent from the choice of the sampling interval of φ j because each V S (φ j ) is calculated by rotating only two independent components (EW and NS). Therefore, we modify covM in eq. (10) as
where the regularization factor σ
4 is the variance of v 0 obtained when only EW and NS components are used for the estimation of v 0 . We verified that covM defined by eq. (12) does not vary with the choice of the sampling interval of φ j .
From the least-squares solution of eq. (10), we derive the average S-wave velocity V S , the anisotropy coefficient AC and the fast V S direction ψ as ACψ are given by σ
The 95 per cent confidence interval of the true model parameter M t around the estimated parameter M is given by
where the factor 1.96 arises from the 95 per cent confidence region of the standard normal distribution (Aster et al. 2011) . Using eq. (15), we estimate the 95 per cent confidence interval for all the parameters V P , V S , AC and ψ. A 95 per cent confidence ellipse of the shear wave splitting parameters in a spherical coordinate system with radius AC and polar angle ψ is given by
where the factor 5.99 is the 95 per cent percentile of the χ 2 distribution with two degrees of freedom (Aster et al. 2011 ).
T I M E -L A P S E C H A N G E S A N D T H E I R U N C E RTA I N T I E S

Possible bias caused by incident angle
To check the incident angle of the used seismic waves, we apply 1-D ray tracing to each source-station pair by using the 1-D velocity structure provided by Nakajima et al. (2001) . Most of the measured incident angles are less than 30 degrees at the borehole bottom receivers. Using the obtained incident angles and well-log data provided by NIED, we further synthesize SH-, SV-and P-wave deconvolution waveforms for all the source-station pairs. The synthetic response functions for layered media are calculated on the basis of the propagator matrix method by Silva (1976) . The inverse of the quality factor Q −1 is set to 0.05 for both S-and P waves for all frequencies. The mass density ρ (kg/m 3 ) is set to ρ = 310V 0.25 P according to Gardner et al. (1974) . In Fig. 3(a) , we show the average (thick curves) and the 95 per cent confidence interval (thin curves) of the synthesized deconvolution waveforms at station IBRH16 in the periods before (black) and from 0 to 1 month after (gray) the main shock. The velocity profile used for the syntheses is shown in Fig. 4 . The arrows and numerals indicate the peak arrival time and its 95 per cent confidence interval estimated by the least squares inversion method explained in Chapter 3. Note that the thin curves almost overlap with the thick curves because the confidence intervals are very small.
There are differences up to 0.6 per cent between the peak arrival times before and after the main shock for all SH-, SV-and P-wave deconvolutions. Because the used velocity profile is the same for both time periods, this difference indicates a possible bias originated from changes in the incidence angles in the two periods. There is another slight difference up to 0.2 per cent between the peak arrival times of SHand SV-wave deconvolutions. This difference is an artificial anisotropy originated from non-vertical incidences to a layered isotropic medium. Even though the velocity structure does not change and anisotropy does not exist, the observed deconvolution can include these biases, which causes uncertainty of the estimation. (Fig. 4) . (b) Observed deconvolution waveforms for the horizontal components of S-wave polarized to E80N and E170N and for the vertical component of P wave at station IBRH16. The gray and black curves represent the deconvolutions in the period before and from 0 to 1 month after the main shock, respectively. The latter is shifted to upperward by 50 in amplitude scale. The thick and thin curves represent the average and the 95 per cent confidence interval of the deconvolution, respectively. The arrows and numerals indicate the peak arrival times with the 95 per cent confidence interval.
These biases are, however, much smaller than the observed changes. For comparison, we show the average and the 95 per cent confidence interval of the observed deconvolution waveforms for S and P waves at the same station and the same time periods in Fig. 3(b) . Note that because the velocity profile of well-log data used for the syntheses and the true velocity structure are different (see fig. 8 of Nakata & Snieder 2012a) , the peak arrival times of the observed deconvolutions differ from the synthesized counterparts within 20 per cent for both S and P waves. Nevertheless, this difference is not crucial for the estimation of velocity changes.
The difference between the peak arrival times before and after the main shock is more than 3 per cent for the observed S-wave deconvolutions. Because this difference is much larger than the possible bias originated from the distribution of incidence angle, we conclude that the observed change is mainly caused by change of the S-wave velocity. The difference up to 3 per cent is also found between the peak arrival times of S-wave deconvolutions polarized at 80 degrees and 170 degrees. Because this difference is also much larger than the artificial anisotropy originated from the difference of SH and SV deconvolutions, we conclude that most of the observed shear wave splitting are not artificial, but is because of the anisotropy structure in the medium.
Following these results, we conclude that a bias caused by the distribution of incident angle does not affect the estimation of the medium parameters significantly. V S is reduced by 3 per cent in the first month after the main shock, which is far beyond the 95 per cent confidence interval. V S continues to recover for 1 yr proportional to the logarithm of the lapse time. On the other hand, the reduction of V P is much smaller than that of V S in the same period. The confidence interval of V P is so large that any reduction of V P cannot be inferred with any statistical significance. Fig. 6 shows estimations of the shear wave splitting parameters (circles) and 95 per cent confidence ellipses at station IBRH16. The radius and polar angle represent AC normalized by V S and ψ, respectively. Different colours represent different time periods. Note that ψ has a 180 degree ambiguity because of eq. (9). There is no systematic change in the shear wave splitting parameters between the periods before and from 0 to 1 month after the main shock; the black and red error ellipses almost overlap. AC decreases in the period from 1 to 3 months after the main shock, but the error ellipses still largely overlap. In the periods from 3 to 12 months after the main shock, the shear wave splitting parameters mostly return to the original values. We checked that station IBRH16 did not experience ground motion as strong as the main shock motion in the period from 1 to 3 months after the main shock, which suggests that the changes of the shear wave splitting parameters are not influenced by strong ground motion. Applying Student's t test to the parameters V P , V S , AC and ψ estimated before and from 0 to 1 month after the main shock, we count number of stations which are responsible for the changes of these parameters with more than 95 per cent confidence. The result is summarized in Table 1 . The numerator and denominator represent the number of stations with a change more than 95 per cent confidence and the total number of used stations, respectively. From this table, we conclude that changes of V P , AC and ψ are under the detection level in this study. Only a reduction in V S is observed beyond 95 per cent confidence for more than half of the used stations. This result does not mean V P , AC and ψ do not change after the main shock, but it means we need more data and better data selection to confirm the changes in these parameters with more than 95 per cent confidence. Fig. 7 shows maps of (1) V S and (2) . Estimated shear wave splitting parameters in the time periods before the main shock (black), from 0 to 1 month (red), from 1 to 3 months (orange), from 3 to 6 months (green) and from 6 to 12 months (blue) after the main shock at station IBRH16. The radius and polar-angle represent AC/V S and ψ, respectively. The solid circles and ellipses are the estimated values and the area of 95 per cent confidence, respectively. Because the azimuthal dependence has 180 degree ambiguity according to eq. (9), the figure is drawn as the origin point reflection. Vs decreases up to 6 per cent in the first month after the main shock. Especially large reductions are observed at the stations which experienced stronger ground motion by the main shock (see fig. 2 of Furumura et al. 2011) . Many stations in the northern part of the target area show a complete recovery within 1 yr, whereas the recovery takes more time at many stations at the southern part. In Fig. 1 , we mark the locations of aftershocks and/or triggered earthquakes which excited a dynamic strain exceeding 5 × 10 −4 at least at one KiK-net station by small stars. Because the location is concentrated at southern part of the target area, we infer that cumulative damage by aftershocks and/or triggered earthquakes may extend the apparent recovery time. Some studies pointed out that rocks suffered by strong motions become more susceptive to the additional strong motions (e.g. Rubinstein & Beroza 2004) , which supports our finding. On the contrary, about half of the used stations show increase in V P in the first month after the main shock. The amount of change is within 2 per cent at most stations. The time-lapse recovery of V P is much less clear than that of V S. For the shear wave splitting parameters, we observe both increase and decrease in AC/V S in the first month after the main shock. The amount of change is less than 4 per cent at most stations, which is not as large as that of V S . Also, the regional pattern and time-lapse recovery of AC are not as clear as those of V S . The fast V S direction does not change through the time periods at most stations, and it does not show a clear spatial pattern.
Estimated parameters
D I S C U S S I O N
Strong motion and changes in V S and shear wave splitting parameters
In Fig. 8 , we show a correlogram between MDS by the main shock ground motion and the S-wave traveltime delay in the first month after the main shock using all 65 stations used for the S-wave analysis. The definition of MDS on the ground surface (Fig. 8a) is the same as that explained in Chapter 2. The definition of MDS at the borehole receiver (Fig. 8b) is v maxB /V SB , where v maxB and V SB are the peak horizontal ground velocity at the borehole bottom and the S-wave velocity at the borehole receiver, respectively. We note that the peak ground acceleration, which is often used as an index of the strength of the ground motion, is not used here because MDS has a better correlation with the traveltime delay . The S-wave traveltime delay is used instead of V S change ratio because the delay is not affected by the traveltime between two receivers.
On the ground surface, there is a considerable positive correlation (correlation coefficient = 0.58) especially when MDS exceeds about 5 × 10 −4 (white zone). Note that the threshold value 5 × 10 −4 is much larger than 10 −4 , the excitation threshold of non-linear site response (see Chapter 2). In contrast, MDS at the borehole bottom receiver does not exceed 5 × 10 −4 at most stations, and does not correlate well with the S-wave traveltime delay (correlation coefficient = 0.34). Consequently, we speculate that the V S change is concentrated near the ground surface, where the MDS is much larger than it is at greater depth. According to the well-log data of station IBRH16 (Fig. 4) , the layers in the upper 12 m are composed of young sandy gravel. This suggests that the strong motion amplified at the weak, shallowest layers caused the reduction of V S . On the other hand, the strong motion does not always cause a change in the shear wave splitting parameters. Fig. 9 shows the azimuthal dependence of MDS by the main shock motion on the ground surface at station IBRH16. Because no clear directionality is observed in the MDS, there are no reasons why the cracks in the top layers generated by the main shock motion have a specific orientation. We note that there is no correlation between MDS and the amount of change in AC/V S (see Fig. 7c ), which confirms that strong motion is not the main cause of the changes in the shear wave splitting parameters.
In contrast, a static strain change is associated with a specific orientation. Nakata & Snieder (2012a) found a clear correlation between the fast shear wave velocity direction and the tectonic stress direction at the deep boreholes. Consequently, if the static strain change by the coseismic crustal deformation is significant at relatively deeper part of the borehole, it can change the shear wave splitting parameters. Because we do not observe clear changes in these parameters, we conclude that the static strain change is not the primary cause of the medium changes at depths less than 504 m, the depth of the deepest borehole station in this study.
Our result on shear wave splitting parameters seems to differ from that of Nakata & Snieder (2012b) who widely observed increase of AC in northeastern Japan. This discrepancy is explained as follows. Nakata & Snieder (2012b) calculated the average of AC for all the earthquakes occurring in each time period. On the other hand, we first calculate average of the deconvolutions for all the earthquakes that occurred in each period, and then calculate AC and ψ of the 'averaged' deconvolution. Therefore, our estimation is the vector average of the shear wave splitting parameters, which always has smaller amplitude than the scalar average used by Nakata & Snieder (2012b) . Because the variance of ψ after the main shock tends to be larger than that before the main shock, the vector average tends to have smaller amplitudes after the main shock, which may be one of the reasons why we do not detect systematic increase in AC after the main shock.
Interpretation of time-lapse changes based on rock physics
We found that changes of V P are smaller than those of V S at most of the stations. To explain this result, we use the theory of poroelasticity. According to Gassmann (1951) and Walsh (1965) , bulk modulus K, shear modulus μ and mass density ρ in a porous medium are given by
where the subscripts 'dry' and 'sat' represent the values of unsaturated and saturated porous medium, respectively. Subscripts 'S', and 'w' indicate properties of solid material part and water part which construct the porous medium, respectively. φ and A are porosity and aspect ratio of spheroidal cracks in the medium which satisfy φ 1 and φ < A < 1, respectively. β and β' are constants which are approximately equal to 1. Eq. (17) is summarized in table 7.4 of Gueguen & Palciauskas (1994) .
The aspect ratio of cracks decreases when cracks are grown by strong ground motion. Also, increase of percolation by the crack growth accelerates the diffusion of groundwater, which may saturate the porous vadose zone. Actually, there are reports on widespread liquefaction after the Tohoku Earthquake especially around Tokyo Bay and Tone River (e.g. Bhattacharya et al. 2011) . Because decrease of the aspect ratio decreases μ and the water saturation increases ρ according to eq. (17), V S always decreases because of the relation V S = μ ρ. However, because the water saturation increases K, V P defined by V P = K + 4 3μ ρ can increase under certain conditions. This idea supports the observed increases in V P shown in Fig. 7(b) .
We note that this idea is valid only for a medium with small porosity (φ 1), which is not always the case in the shallow ground. According to Blatt (1979) , the average value of φ obtained from well-log cores at the depth of a few hundred meters is 0.3-0.4 for sandstone. For an unconsolidated large φ medium, increase of pore fluid pressure reduces its shear modulus, which is not considered in the above discussion. Nevertheless, the theory of poroelasticity is effective to explain the observed changes of V P and V S in the shallow ground.
On the other hand, the recovery process cannot be explained by the diffusion of water for the following reason. The time constant t p for change of the excess pore pressure by a diffusion of groundwater is derived from the diffusion eq. (6) of Snieder & van den Beukel (2004) as
where g, ρ w , L, κ, K represent gravity acceleration, mass density of water, length scale, bulk modulus of water and hydraulic conductivity of the medium, respectively. Here, we neglect the last term of eq. (6) of Snieder & van den Beukel (2004) , which is not important for long lapse times. We assume that water diffuses vertically, which is a 1-D problem. Substituting g = 9.8 m s -2 , ρ w = 10 3 kg m -3 , L = 12 m, κ = 2.25×10 9 Pa and K = 10 −7 ∼ 10 −4 m s -1 which is typical for clean sands into eq. (18), we obtain t p = 6.3 ∼ 6.3×10 3 s. This time constant is much shorter than the observed time scale of V S recovery; over a few months at station IBRH16.
In real field conditions, there is also a lateral diffusion of groundwater, which has a time scale of more than a month. However, because the lateral diffusion does not change the net-groundwater level, it cannot explain the V S recovery observed at most stations (see Fig. 7a ).
So far, we argue that a change of pore fluid pressure is responsible for only short-term recovery on a time scale of seconds to hours. The longer recovery process should be more related to healing of cracks in a medium, which corresponds to increase of aspect ratio in eq. (17). It is well known that a shear strength between both sides of the cracks increases as logarithm of the lapse time under a confined normal stress (e.g. Dieterich 1972) , thus the recovery of shear modulus may also follow a logarithmic recovery. In laboratory experiments, the logarithmic recovery of a rock sample after a shaking is known as 'slow dynamics', which is a kind of relaxation process inherent in rock (e.g. TenCate et al. 2000) . This phenomenon is possibly related to long-term recovery observed by our analysis. Also, decompaction after a shaking may affect the long-term recovery because it decreases φ. Because K and μ are more sensitive to change of φ compared to ρ is (see eq. 17), decompaction increases both V P and V S . A laboratory experiment by Knight et al. (1995) reports that φ increases proportional to logarithm of the number of shaking.
It is likely that the recovery process is governed by multiple factors which have different time scales. This idea is consistent with two-step recovery processes in peak frequency of site amplification factor observed by Wu & Peng (in press ). To better understanding of the recovery process, we should apply the V S , V P and shear wave splitting analyses to wider range of time scales from seconds to years and carefully examine the transition between the different recovery processes.
C O N C L U S I O N S
We examine time-lapse changes of V P , V S and shear wave splitting parameters at depths from 0 to 504 m after the 2011 Tohoku earthquake by applying deconvolution analysis to KiK-net borehole array records. The observed reduction of V S is up to 6 per cent in the first month after the main shock in large area of northeastern Japan. From the good correlation between the S-wave traveltime delay and MDS on the ground surface by the main shock motion, we confirm that the dynamic strain is the main cause of the V S reduction. Because the correlation with the MDS at the borehole bottom receivers is weak, we speculate that the V S change is concentrated near the ground surface, probably in loosely packed soil layers. The recovery time of V S is long if the station is exposed to additional strong motion by aftershocks. The long-term logarithmic recovery cannot be explained by a change of pore fluid pressure, but is more likely to be explained by a recovery of frictional strength of cracks and/or decompaction of the medium. We observe both increase and decrease in V P , because the net effect of the crack growth and the water saturation in the porous medium does not always reduce V P . Because the cracks in the shallow subsurface generated by a strong ground motion do not have a specific direction, we do not observe significant changes in the shear wave splitting parameters. Our study provides a basis for monitoring time-lapse changes of multiparameters in the shallow ground including their confidence interval. Because this study examines only shallow part of the ground up to 504 m depth, there is a possibility of changes in the deeper lithosphere as observed by Brenguier et al. (2008) . Combing the results revealed from this work with the time-lapse changes in the deep lithosphere revealed from repeating earthquakes and ambient noise correlation analyses, we will be able to discuss more about the mechanism of the medium changes associated with a large earthquake.
A C K N O W L E D G M E N T S
We are grateful to Dr E. Larose and an anonymous reviewer for their valuable suggestions and comments to improve our paper. We thank NIED for providing us with the KiK-net strong motion records. This study is supported by Japan Society for the Promotion of Science (JSPS grants 22.1224). Seismic Analysis Code (SAC) and Generic Mapping Tools (GMT) are used for signal processing and figure plotting, respectively. 
